Spaceborne azimuth multichannel bistatic synthetic aperture radar (AMC-BiSAR) system employed inclined geosynchronous (GEO) transmitter and low-Earth-orbit (LEO) receiver is capable of providing a vast area of surveillance and fine spatial resolution, which presents great potentials for Earth observation. Nevertheless, owing to complex geometry and big differences of orbital characteristics, high-resolution wide-swath (HRWS) imaging for GEO-LEO AMC-BiSARs remains three major issues: 1) ''Stop-and-Go'' approximation is invalid because of long round-trip delay and high receiver velocity; 2) Due to the special bistatic configuration, the conventional effective phase center (EPC) operation for unambiguous signal reconstruction cannot be directly used; 3) Two-dimension spatial-variant characteristics of the echo signal caused by nonlinear and nonparallel trajectories of transmitter and receiver raise challenges for BiSAR focusing. To address these problems, starting from modeling geometry of inclined GEO-LEO AMC-BiSAR, an accurate slant range model without ''Stop-and-Go'' approximation is derived in the paper. Then the new effective positions of the receiving channels in GEO-LEO AMC-BiSARs are obtained based on the geometry, and the unambiguous Doppler spectrum can be recovered effectively. Finally, a nonlinear chirp scaling imaging algorithm based on the time-domain perturbation (TP-NLCS) is derived and presented, which can correct the variation of range cell migration and azimuth frequency modulation rate. Simulation results show the validity of the proposed method, which can implement GEO-LEO AMC-BiSAR HRWS focusing and has fine phase-preserved capability.
I. INTRODUCTION
Geosynchronous synthetic aperture radar (GEO-SAR) system, located at about 35768 km above the Earth's surface, can provide excellent coverage performance and high temporal resolution [1] - [4] . Approximate one third of the Earth's surface can be illuminated with one-day revisit cycle, and a near-continuous observation on specific target region can be provided [5] , [6] .
Current studies on GEO-SARs can be classified into three types: the high-inclination (typically 53 • ) GEO-SAR, the low-inclination (typically 16 • ) GEO-SAR and the nearly zero inclination GEO-SAR. The high-inclination
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GEO-SAR is characterized as the high-power requirements and fine resolutions of a few tens of meters, but it has a low coverage performance on the middle-latitude region [5] , [7] , [8] . The low-inclination GEO-SAR is recommended for middle-latitude region observation [9] , [10] . It can provide minute-level integration time and a good coverage performance. For example, the coverage time per day is from 16 h to 20 h for most area of China [11] . The quasigeostationary orbit with near zero inclinations and eccentricities is investigated mainly in Europe [2] , [12] , [13] . It requires a long-integration time of several hours to obtain a modest resolution [12] .
Nevertheless, compared with traditional low-Earth-orbit SAR (LEO-SAR), the long integration time of GEO-SAR VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ makes it sensitive to the effects of atmospheric phase delay and ground clutters [14] , [15] . Moreover, it is difficult to reach meter-level azimuth resolution because of the small integration angle [8] , [11] . LEO-SAR is able to achieve high spatial resolution, up to sub-meter level, however the revisit time is longer than GEO-SAR, e.g., about 11 days for TerraSAR-X [16] - [18] . The large-scale networking of LEO-SARs can improve the temporal resolution, but at high cost [17] , [19] , [20] . Fortunately, the unique characteristics of GEO-SARs make it a reliable illuminator for LEO/airborne receivers in bistatic/multistatic SAR configurations [21] - [24] . The BiSAR configuration employed inclined GEO-SAR as a transmitter and LEO-SAR as a passive receiver can provide wide swath and high spatial/temporal resolution with less costing consumption [25] , [26] . In addition, GEO-LEO BiSAR has great advantages compared with current spaceborne SARs, such as anti-attack, well-concealment and good flexibility [27] , [28] . The unique advantages of GEO-LEO BiSAR make it a valuable spaceborne system for Earth observation missions, and it can be a good alternative for current spaceborne SARs in most cases, e.g., high-resolution wideswath (HRWS) imaging [21] , [29] . However, single-channel GEO-LEO BiSAR suffers from a contradiction between the high resolution and unambiguous wide swath due to the low pulse repetition frequency (PRF) and high receiver velocity [29] , [30] . Multiple receiving channels to acquire additional samples along the velocity direction of LEO satellite, i.e., GEO-LEO azimuth multichannel SAR (AMC-BiSAR), can be adopted to overcome this limitation [30] .
Current BiSARs including LEO formations, hybrid LEOairborne configuration and LEO-ground configuration et al. have been intensively studied [31] - [37] . However, due to complex geometry and big differences of orbital characteristics in GEO-LEO BiSARs, the method of SAR image formation and some corresponding conclusions developed in other bistatic configurations are disabled.
Accordingly, it is imperative to study the HRWS focusing method for GEO-LEO AMC-BiSAR. There are three major issues for generation of GEO-LEO AMC-BiSAR image. The first one is the invalidation of ''Stop-and-Go'' assumption for GEO-LEO BiSAR focusing because of long round-trip time and high receiver speed. Generally, the error of ''Stopand-Go'' assumption can be negligible in LEO monostatic SARs [20] . Hu et al. [38] , [39] studied the effect of ''Stopand-Go'' assumption for GEO-SAR, and proposed an accurate slant range model with consideration of ''Stop-and-Go'' error. Moreover, a concise slant range model of GEO-SAR is derived and presented in [40] . It should be noted that in previous studies the velocity vector of satellite is assumed as a constant during the signal propagation delay. However, owing to high-speed receiver in GEO-LEO AMC-BiSARs, the variation of the velocity vector of LEO receiver during the round-trip time cannot be neglected.
The second issue encountered in GEO-LEO AMC-BiSAR imaging is how to reconstruct the unambiguous SAR signal.
Currently, in order to overcome the aliasing effect caused by the low PRF, the corresponding methods of monostatic AMC-BiSAR have been well studied in [35] , [41] - [44] . In addition, the first spaceborne monostatic digital beamforming (DBF) experiment by employing the TerraSAR-X dual receiving antenna has been presented in [45] . However, due to the special bistatic geometry and big differences of orbital characteristics in inclined GEO-LEO AMC-BiSAR, the method of the effective phase center (EPC) in the above literatures cannot be directly used. Meanwhile, Krieger et al. [29] proposed the concept of spaceborne AMC-BiSAR with geostationary transmitter and analyzed its imaging performance, but the signal model and the imaging method has not yet been researched.
The third issue in inclined GEO-LEO AMC-BiSARs is that echo signal has strong coupling and spatial-variant characteristics in both range and azimuth direction, which is caused by nonlinear and nonparallel trajectories of transmitter and receiver. A nonlinear chirp scaling (NLCS) algorithm for BiS-ARs is proposed in [46] , which the azimuth spatial-variant characteristic can be ignored because of the parallel trajectories. Qiu et al. [47] proposed a one-stationary imaging method, and Zeng et al. [48] improved this method and presented an extended NLCS algorithm, while they cannot be applied to in the case of the simultaneous movement of transmitter and receiver, such as GEO-LEO BiSARs. Some SAR focusing methods under arbitrary bistatic configuration are proposed in [35] , [49] - [51] , but they are only applicable to the linear trajectory with limited imaging scene. Moreover, the phase-preserved capabilities are not taken into account for these BiSAR imaging algorithm.
To resolve aforementioned problems, the method of HRWS image formation for spaceborne AMC-BiSAR with inclined GEO transmitter and LEO receiver is studied. Firstly, this paper deduces a curved-trajectory-based slant range model without restriction from the ''Stop-and-Go'' assumption. Secondly, the signal model of GEO-LEO AMC-BiSAR is established and the method of reconstructing unambiguous SAR spectrum is presented. Thirdly, a nonlinear chirp scaling algorithm based on time-domain perturbation (TP-NLCS) is proposed, which can correct the range cell migration (RCM) difference and the variation of azimuth frequency modulation (FM) rate. The proposed method is able to generate GEO-LEO HRWS SAR image and has fine phase-preserved capability.
This paper is organized as follows. In Section II, geometry structure of GEO-LEO BiSAR is established. The effect of the ''Stop-and-Go'' assumption is analyzed and then an accurate slant range model is derived. The signal model of GEO-LEO azimuth AMC-BiSAR is presented in Section III, and the time-variant and spatial-variant characteristics of residual phase error after the derived EPC processing are analyzed. Then the method of unambiguous SAR signal reconstruction is given. The equivalent slant range model in curved trajectories is established in Section IV, and the TP-NLCS algorithm is derived and presented. In Section V, the effectiveness of the proposed GEO-LEO AMC-BiSAR HRWS imaging method is demonstrated via simulation experiments. The conclusion and further discussion are in Section VI.
II. GEOMETRY STRUCTURE AND ACCURATE SLANT RANGE MODEL A. GEOMETRY OF GEO-LEO AMC-BiSAR
The geometry of GEO-LEO AMC-BiSAR is established as Fig. 1 . The main symbols in Fig. 1 are introduced as follows. The Earth's center O is the origin of the Earth-centered Earth-fixed (ECEF) coordinate frame O − XYZ . At instantaneous slow time t (in azimuth), V G (t) and V L (t) are instantaneous velocity vectors where the subscripts G and L correspond to GEO transmitter and LEO receiver, respectively. P G (t) and P Lm (t) are instantaneous position vectors (m ∈ {1, 2, · · ·, M }, M is the number of the receiving channels). The point target located at the illuminated scene center is designated as the origin o in the target local coordinate o − xyz. The z-axis is in the direction of the Earth's center pointing to the origin o. The y-axis is in the direction of the ground projection of V L (t), and x-axis follows the orthogonal right-handed rule. P T is the position vector of a certain target in the illuminated scene. R G (t) and R Lm (t) are the instantaneous slant range vectors in the directions from the satellite positions to the target. b m is the spatial baseline vector from the reference receiving channel (the first receiving channel is assumed) to the m-th channel. θ G and θ L are the incidence angles. V G (t) and V L (t) are the ground projection of V G (t) and V L (t), respectively. R G (t) and R L (t) are the ground projection of R G (t) and R L1 (t), respectively. φ is the angle between R G (t) and R L (t), and ψ is the angle between V G (t) and V L (t). All vectors are expressed as row vectors.
B. ACCURATE SLANT RANGE MODEL
According to the general parameters in Fig.1 , the traditional round-trip slant range of the m-th receiving channel under the assumption of ''Stop-and-Go'' can be expressed as R G (t) + R Lm (t) [20] . However, as the long-time propagation delay and the fast speed of receiver in GEO-LEO BiSAR, the assumption of ''Stop-and-Go'' is invalid. As a result, the accurate round-trip slant range model of the mth receiving channel can be expressed as (see Appendix in detail)
where c represents the speed of light,R Lm (t) andṼ L (t) can be given by
where a L (t) stands for the instantaneous acceleration of LEO receiver. From (1), the round-trip delay can be expressed as η m (t) = r m (t)/c. The orbit parameters illustrated in Table 1 are adopted to verify the precision of (1). Fig.2 shows the footprint of GEO transmitter and LEO receiver with the orbit parameters. The residual errors of slant range obtained by the ''Stop-and-Go'' assumption and the proposed model of (1) with the simulation time of 1.5s are illustrated in Fig.3 (a) and (b), respectively. It can be observed that the error of the slant range obtained by the ''Stop-and-Go'' assumption is nearly 8m, which exerts negative impact on the imaging quality [17] , [38] . The proposed slant range model is able to compensate the error introduced by the ''Stop-and-Go'' assumption, with the maximum residual error of 1 × 10 −4 m. Besides, it is worth noting that the orbit of LEO receiver under the non-''Stop-and-Go'' assumption can be obtained by interpolation with the double-trip delay η m (t) [20] , [39] .
III. UNAMBIGUOUS SAR SIGNAL RECONSTRUCTION FOR GEO-LEO HRWS AMC-BiSAR SYSTEM
Due to the special bistatic geometry and big differences of orbital characteristics in inclined GEO-LEO AMC-BiSAR, the conventional EPC operation cannot be directly used. In this section, the echo signal model of GEO-LEO AMC-BiSAR will be firstly established, and the effective position of receiver will be derived and obtained. Then, the characteristics of time variation and space variation are analyzed. Finally, the reconstruction method of unambiguous SAR signals is presented.
A. SIGNAL MODEL FOR GEO-LEO AMC-BiSAR SYSTEM
In GEO-LEO AMC-BiSARs, the echo signal of the mth receiving channel embedded in LEO receiver can be expressed as
where h m (t) represents the envelope of the azimuth signal arising from the projection of the transmitting and m-th receiving channel patterns on the ground, σ (P T ) describes the complex reflection coefficient of the target P T . τ stands for the fast time in the range direction. λ is the wavelength, g m (·) is the transmitted chirp signal. r m (t, P T ) is the round-trip slant range under the non-''Stop-and-Go'' assumption. At central time of the synthetic aperture, the position vectors of GEO transmitter and receiving channels embedded in LEO receiver are written as P G0 and P Lm0 , respectively. The relative range error of the receiving channels can be obtained as
where the symbol · stands for the norm operator, the symbol · represents the inner product operator. Moreover, the satellite velocities are assumed as constant in (4) 
Then, after compensating a constant phase exp(j2π r 0 m /λ), we expect the echo signal of the m-th receiving channel can be written as a simple form represented by that of the reference channel with an additional time delay t m [42] , [52] , [53] . Thus, the minimum variation of time-variant term in (4) is preferred. Then the expression of t m can be derived as follows
1) ANALYSIS OF TIME-VARIANT CHARACTERISTIC
Compared with the traditional monostatic AMC-BiSARs [41] , [42] , it can be observed from (6) that the effective positions of the receiving channels in GEO-LEO AMC-BiSARs are the projection of actual positions of the receiving channels on the velocity direction. In addition, due to the small ground speed of the GEO transmitter, we can realize h m (t) ≈ h 1 (t + t m ) even though the long along-track baselines of receiving channels exists. Then, according to (4) and (6), the timevariant residual phase error ϕ m (t) of the m-th receiving channel after the presented EPC processing can be expressed as
Here, the simulation parameters of inclined GEO-LEO AMC-BiSAR in Table 1 and Table 2 are adopted to analyze the time-variant characteristics of ϕ M (t). The residual phase errors ϕ M (t) introduced by the method in [41] and the presented method are shown in Fig. 4 . It can be seen that the residual phase error introduced by the method in [41] is nearly 90 • , which can worsen the quality of the spectrum reconstruction. Meanwhile, the residual phase error introduced by the presented method is only 0.17 • , which can be neglected for the reconstruction of the unambiguous SAR signal [52] , [54] .
2) ANALYSIS OF SPATIAL-VARIANT CHARACTERISTIC
In addition, according to (4), the residual phase error after the EPC processing varies with ground target positions.
According to [30] , in condition that the vector R T is parallel to V G , the maximum residual phase error caused by the transmitter movement can be given by
where R T is the range vector from the reference target P T to another target P T . Afterwards, in condition that the vector R T is parallel to b ⊥ m , the maximum residual phase error produced by the cross-track baseline can be expressed as
where b ⊥ m is the across-track baseline vector. Here, R T and b ⊥ m are set as 20km and 0.02m, respectively. According to (8) and (9), the maximum spatial-variant phase errors caused by the transmitter movement and the across-track baselines of receiving channels are both less than 3 • , which can be ignored; As b ⊥ m is 1m, the spatial-variant phase errors caused by the across-track baselines of receiving channels are more than 100 • , which can be compensated with the help of Digital Elevation Model (DEM) [54] - [56] . Moreover, it is worth noting that ξ max = 0 when GEO transmitter is located at geostationary orbit, while ζ max = 0 when the cross-track baseline is equal to zero.
B. UNAMBIGUOUS SAR SIGNAL RECONSTRUCTION
From the abovementioned analysis and simulation results, we can observe that the residual phase error can be neglected at the derived effective position. In general, r 0 m is far less than one range cell. Thus, according to (5) and (6), we have
On the basis of (10), after compensating the constant phase exp(j2π r 0 m /λ), the echo signal of the m-th receiving channel can be regarded as that received by the reference channel with an time delay t m . Thus, we have
where S m (f a ) and S 1 (f a ) is the azimuth frequency spectrum of s m (τ, t) and s 1 (τ, t) , respectively. f a and f dc represents the Doppler frequency and the Doppler centroid, respectively. The superscript T stands for the transpose operation and diag{·} represents a diagonal matrix. According to [41] , [42] , unambiguous GEO-LEO BiSAR signal can be reconstructed by
where P = DU, S(τ, f a ) is the unambiguous Doppler spectrum. (·) H represents the matrix conjugate transposed operation, and (·) −1 stands for the inverse operation of matrix. It is worth noting that the Doppler centroid and the phase error between the receiving channels can be estimated by the methods proposed in [57] - [61] , respectively.
IV. HRWS IMAGE FORMATION FOR UNAMBIGUOUS GEO-LEO BISAR SIGNAL
Due to the characteristics of nonlinear and nonparallel trajectories of transmitter and receiver for the GEO-LEO BiSAR, echo signal has strong coupling and two-dimension spatial-variant characteristics, which raise the challenge for GEO-LEO BiSAR focusing. In this section, a novel TP-NLCS algorithm with fine phase-preserving performance is proposed for GEO-LEO HRWS BiSAR focusing.
A. UNAMBIGUOUS SAR SIGNAL MODEL OF GEO-LEO BiSAR
For the complex geometry of GEO-LEO BiSAR, it is difficult to derive the imaging algorithm using the slant range model of (1) . Considering the slant range from the GEO transmitter to the target is slightly changed, the least square algorithm [20] , [62] can be employed to perform the hyperbolic fitting of (1). The equivalent slant range model is thus given by
where V e is the equivalent velocity, θ e is the equivalent squint angle, R e is the equivalent slant range corresponding to the central time of the synthetic aperture. Fig. 5 shows the residual error of the equivalent slant range model of (13) with the parameters illustrated in Table 1 . It can be seen that the maximum phase error is approximately 1.4 • , which can be ignored for SAR focusing. According to (13) and the principle of stationary phase [49] , [63] , the echo signal of single point in range-Doppler domain can be expressed as
where σ is the complex constant and f dc is the Doppler centroid. p r (·) and W a (·) are signal envelopes in the range direction and the azimuth one, respectively. R 0 is the nearest range of the target, i.e., R 0 = R e cos(θ e ). K m and D(f a , V e ) are the range FM rate and the migration factor in the range-Doppler domain, respectively, given by
where K r is the range FM rate of the transmitted chirp signal.
Thus, based on the equivalent slant range model of (13), the echo signal of single point in range-Doppler domain is presented. However, the equivalent velocities of the targets located at different positions in the illuminated scene change drastically because of the bistatic geometry. Therefore, the RCM and azimuth FM rate are spatial-variant obviously, which will be analyzed in detail in part B and C of Section IV. As a result, the traditional SAR focusing algorithm cannot be employed to process GEO-LEO BiSAR data.
To resolve the abovementioned issue, a novel TP-NLCS algorithm is proposed for GEO-LEO BiSAR focusing, which can correct the two-dimension spatial-variant characteristics effectively employed the time-domain perturbation functions.
B. TIME-DOMAIN PERTURBATION IN THE RANGE DIRECTION
According to (13) and (15), the actual differential RCM can be expressed as
where R ref and V ref are the nearest slant range and equivalent velocity of the central target in the illuminated scene, respectively, f ref is the referenced Doppler frequency. Currently, for typical spaceborne BiSARs, e.g., LEO formations, LEO-airplane and LEO-ground configurations, the change of equivalent velocity is so small that whose effect on the RCM can be ignored [20] , [64] , [65] . Nevertheless, for GEO-LEO BiSAR, as slant range changes with 20km, the equivalent velocity will change with 300m/s. Residual RCM errors induced by the variant equivalent velocities can be expressed as
Under the conditions of Table 1 and Table 2 , the simulation results of (16) and (17) when the azimuth frequency is maximum are shown in Fig. 6 , where the solid line represents RCM, while the dotted line stands for RCM e . It can be seen that the differential RCMs are both changed with the slant range linearly. In the case of the changing slant range of 15km, the differential RCM is comparable with the resolution (assumed to be 1m in this paper), which cannot be ignored. Therefore, since the equivalent velocity is changed obviously, its effect on the RCM cannot be ignored.
In addition, for GEO-LEO BiSAR, RCM is variant with the azimuth time because of the varying equivalent velocity. According to (16) , as the variation of the azimuth time is 1.5s, the maximum differential RCM located at the same range cell is approximately 0.13m. Therefore, for the meterlevel resolution, the differential RCM at the same range cell 
where |·| denotes the absolute value operation. Thus, the differential RCM with azimuth time is very small and can be ignored [49] , [50] .
In terms of (15), quadratic phase error (QPE) [47] caused by K m can be given by
where T r represents the pulse width. Based on (19) , as the slant range changes with 20km, QPE is calculated as about 0.5 • (far less than 45 • ) with the simulation parameters illustrated in Table 2 . Meanwhile, the equivalent velocity varies with the azimuth time slightly, e.g., the equivalent velocity changes with 40m/s as the changing azimuth time of 1.5s. Therefore, the variation of K m can be ignored, which can be treated as constant during the SAR focusing, i.e.,
where K ref is the range FM rate of the reference target located at the scene center. In order to make the echo signals of all the targets have a uniform RCM, according to the principle of chirp scaling [51] , [66] , a RCM correction (RCMC) method based on time-domain perturbation is presented. Firstly, the timedomain perturbation signal is given by (20) where K p is FM rate of the perturbation signal, which will be employed to correct the spatial variant of RCM in the range direction. The expression of K p will be derived as the following.
In order to correct the difference of RCM, according to (14) and (20) , the shift of the zero frequency positions of targets can be given by
In addition, (16) can be rewritten as
where the coefficientp can be calculated through linear filtering of (16) and (22) when f a is equal to the maximum. Let r move = RCM p , the FM rate of the range perturbation signal in (20) can be derived as
Then, after the processing of the range perturbation in the range-Doppler domain, the echo signal is multiplied by the following matched filters in the range frequency domain
where f r is the range frequency. After the aforementioned range time-domain perturbation and pulse compression, the echo signal has a uniform range migration. Thus, the uniform RCMC function is expressed as
Moreover, the two-order residual phase is introduced from the time-domain perturbation function [7] , [51] . After the operation of RCMC, The residual phase can subsequently be compensated with the following function
C. TIME-DOMAIN PERTURBATION IN THE AZIMUTH DIRECTION
The variations of equivalent velocities of targets in the same range cell lead to the nonlinear changes of the FM rate in the azimuth direction. As a result, a unified matching filter cannot be directly used for the azimuth focusing. Besides, the nonlinear variation of azimuth FM rate raise the challenge of phase-preserving performance. In order to solve these issues, the time-domain perturbation function is used to correct the nonlinear variation of the azimuth FM rate. Considered some SAR applications with fine phase-preserving performance, e.g., interferometry SAR (InSAR) [17] , [67] , the phase compensation function is also presented. For each range cell R b , we set a group of targets in the azimuth direction corresponding to the azimuth time t i . The target corresponding to the azimuth center time t ref is set as a referenced target. The difference of azimuth FM rate between the target at the azimuth time t i and the reference one can be calculated as
where K a (·) is the FM rate of the azimuth signal, i.e., 2V 2 e /λ/R 0 [48] . In order to compensate the variation of azimuth FM rate, two-order polynomial fitting is performed as
where q 1 and q 2 are the fitting coefficients.
In terms of (27) and (28) , QPE induced by the variation of azimuth FM rate and the residual QPE after the polynomial fitting of azimuth FM rate can be expressed as
where T a is the synthetic aperture time. According to (29) , QPEs in the same range cell corresponding to the central range cell are shown in Fig.7 . Due to the variant equivalent velocity, QPE is greatly changing with the azimuth direction. QPE is larger than 45 • for the changing azimuth time of 0.1s. As a result, the match filters in the azimuth direction of the traditional algorithms are invalid, which limits the scope of azimuth imaging. On the contrary, after the polynomial fitting of azimuth FM rate, the residual phase error is far less than 45 • during the synthetic aperture time, which can be ignored though it may have slightly effect on the phase after SAR focusing [50] , [66] . Then, performed the quadratic integral to (28) , the perturbation function in the azimuth direction is derived as
The echo signal after range processing is transformed to the azimuth time-domain and then multiplied with (30), yielding the signal with same azimuth FM rate in each range cell. After that, the signal can be multiplied with the azimuth filter H 6 in the range-Doppler domain to accomplish azimuth compression As the perturbation function of (30) is a high-order polynomial of t, the residual phase error will be introduced, leading to the deterioration of imaging quality [47] .
Taylor expansion is employed to (30) during the synthetic aperture time. According to the time-frequency relationship, the compensation function of the residual high-order phase error can be obtained as
Considered the phase preserving of the imaging algorithm, the residual phase needs to be compensated by
· exp −jπ
D. SUMMARY
Due to the variation of the equivalent velocity in GEO-LEO BiSARs, the RCM and azimuth FM rate are both spatialvariant. To address these problems, a novel TP-NLCS algorithm is proposed, which starts from the complex data in range-Doppler domain after the ambiguity suppression and operates as two main steps: range processing and azimuth nonlinear processing for each range cell. The flowchart of TP-NLCS is illustrated in Fig.8 .
V. EXPERIMENTAL RESULTS
In this section, simulation experiments of HRWS imaging for GEO-LEO AMC-BiSAR are carried out to demonstrate the effectiveness of the proposed method.
A. SIMULATION RESULTS BY THE PROPOSED METHOD IN HRWS FOCUSING
The simulated scene of point targets is shown in Fig.9 . The 5 × 5 point targets are located at the scene with the size of 40km (range) × 20km (azimuth). The adjacent targets are spaced as 10km along the x-axis, while the adjacent ones are spaced as 5km along the y-axis. Parameters shown in Table 1 and Table 2 are employed in this section. Firstly, the original multichannel SAR echoes are reconstructed by the derived method based on (6), (10) and (12) . Then, the reconstructed echoes in range-Doppler domain are processed by the TP-NLCS imaging algorithm, which is presented in Section IV. Imaging results of point targets are shown in Fig.10 . It can be observed that all the targets are well focused. Besides, aiming at the other application, such as InSAR processing, the phase-preserving performance require to be taken into account. As a result, the phase behaviors of typical targets, including target 3 (located at the edge in the azimuth direction) and target 15 (located at the edge in the range direction), are illustrated in Fig. 11 . It shows that the range phases of both targets 3 and 15 are flat within the main lobe. The azimuth phase of target 15 appears to be a straight slope, which is caused by the first-order phase in the azimuth direction, i.e., exp(j2πf dc t). The phase of target 3 is curved caused by the residual azimuth modulation through the main lobe. Strictly speaking, the azimuth signal is not a chirp and exists the higher order phase terms. In addition, the ideal phase value for a certain target can be calculated by −4πR 0 /λ, and the phase at the peak of the spread function will deviate from this ideal value, which makes the image poor for interferometric applications.
The imaging performance indexes of some typical targets processed by the proposed method are shown in Table 3 . It can be seen that all the targets are well focused in the range direction with peak sidelobe ratio (PSLR) of −13.25dB and integrated sidelobe ratio (ISLR) of −10.28dB. The closer the targets' distance to the scene center are, the better their images are focused. PSLR of targets located at the azimuth edge of the scene are slightly raised, but they are all lower than −12dB. Besides, the residual phase errors of focused targets are the minimum at the scene center (approximately 1 • ) and reach the maximum at the azimuth edge (less than 10 • ). It's worth noting that, due to the geometry of BiSAR, targets at the same x-position in Fig. 9 are located at different range cells shown in Fig. 10 , which can be corrected by geometric correction of SAR images [47] , [48] .
B. COMPARISON RESULTS IN HRWS FOCUSING
In this section, the proposed slant range model under non-''Stop-and-Go'' assumption, multichannel spectrum reconstruction method and BiSAR imaging algorithm will be compared and verified respectively.
1) SLANT RANGE MODEL WITHOUT AND WITH CONSIDERATION OF ''STOP-AND-GO'' ASSUMPTION
Under the assumption of ''Stop-and-Go'', the imaging result of target 13 is shown in Fig. 12(a) . Fig. 12(b) show the image of target 13 processed by the proposed slant range model. It can be seen that Fig. 12(a) is slightly defocused in the azimuth direction, while the result in Fig. 12(b) obtained by non-''Stop-and-Go'' assumption is well focused.
2) AMC-BISAR SIGNAL RECONSTRUCTION
Firstly, the single-channel echo of GEO-LEO AMC-BiSAR in range-Doppler domain is shown in Fig. 13(a) , which have Doppler aliasing effect seriously because of the low PRF and high receiver velocity. The original multichannel echoes are processed by the spectrum reconstruction method in [41] and the presented method in Section III, respectively, and the reconstructed echoes in range-Doppler domain are shown in Fig. 13(b) and (c), respectively. Due to the difference of EPC positions of the receiving channels, Doppler frequency spectrum cannot be well reconstructed in Fig. 13(b) . The result in Fig. 13(c) indicates that the new version of signal reconstruction algorithm works quite well for GEO-LEO AMC-BiSAR.
Then, the imaging results of target 13 are provided as Fig. 14. As the method in [41] cannot reconstruct the spectrum of echoes effectively, it has strong ambiguity components in azimuth, which the highest amplitude of that is approximately −16dB. However, it is clear that these ambiguity components can be well suppressed in the image adopted the presented method in Section III.
3) HRWS IMAGE FORMATION
In order to verify the effectiveness of TP-NLCS algorithm, the existing algorithms, i.e., NLCS algorithm in [46] and extended NLCS algorithm in [48] are employed to process the reconstructed unambiguous echo shown in Fig. 13(c) .
The comparison results of target 3 (located at the edge in the azimuth direction) and target 15 (located at the edge in the range direction) obtained by these imaging algorithms are demonstrated in Fig. 15 and Fig.16 , respectively. From the Fig. 15 (a) and Fig. 15 (b) , it can be seen that the images of target 3 are both defocused. The reason is the spatial-variant feature of azimuth FM rate is not considered in NLCS algorithm.
Besides, extended NLCS algorithm can be only applied to one-stationary bistatic configuration, while the variation of slant range produced by the inclined GEO transmitter movement cannot be ignored. From Fig. 16 (a) and Fig. 16 (b) , the images of target 15 are slightly defocused. As NLCS algorithm does not take the spatial-variant equivalent velocity in the range direction into consideration, the operation of RCMC is inaccurate. In addition, extended NLCS algorithm ignores the variation of slant range induced by the transmitter movement. However, the well-focused images can be generated by the TP-NLCS algorithm in Fig. 15(c) and Fig. 16(c) . 
VI. CONCLUSION AND FURTHER DISCUSSION
In this paper, spaceborne AMC-BiSAR system with inclined GEO transmitter and LEO receiver for HRWS image formation has been investigated. Firstly, based on the general geometry, an accurate slant range model without restriction from the ''Stop-and-Go'' approximation is deduced. Then, a new version of EPC processing are derived, meanwhile the timevariant and spatial-variant residual phase error can be ignored at the obtained EPC positions. Thus, unambiguous SAR signal of range-Doppler domain can be reconstructed after the presented EPC processing. Finally, a TP-NLCS imaging algorithm is proposed based on the time-domain perturbation, which can correct the differential RCM and the variation of azimuth FM rate. The proposed method is able to implement HRWS SAR focusing for GEO-LEO AMC-BiSAR, which can generate well-focused image with fine phase-preserved capability. Simulation data sets of point targets have validated its effectiveness.
The proposed method presents great potentials for Earth observation systems relying on the split antenna or multiple receiver satellites in GEO-LEO bistatic/mutistatic AMC-SAR. However, it should be noted that the TP-NLCS algorithm does not take the ground elevation variation into account, and the phase-preserved performance can be further improved for high-precision InSAR application. In addition, other applications also can be further studied, such as the moving target detection and the multistatic interferometry for three-dimensional imaging.
APPENDIX
This appendix is meant to derive the slant range model of (1) under non-''Stop-and-Go'' assumption. In Fig. 17 , at a certain time t, GEO satellite transmits signal at position P G (t). After the propagation delay η , the target P T is impinged by the transmitted signal. Then, the signal is reflected from the target immediately, and reaches to the position P L (t 2 ) of LEO satellite after the propagation delay η .
Under the non-''Stop-and-Go'' assumption, the slant range between the target and the LEO receiver can be expressed as
As the propagation delay η is very short, the variation of LEO's velocity during the delay η can be ignored. Thus, (34)can be rewritten as After performing the Taylor expansion of (35) around η and ignoring the high-order terms, we have
In terms of (36) and (37), the accurate slant range model with non-''Stop-and-Go'' assumption is given by
. (38) 
